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1. EXECUTIVE SUMMARY

As the world fusion program is moving into the ITER era and the National Ignition Facility at
LLNL prepares for operation starting in 2009, the U.S. Fusion Energy Sciences Program is
developing a comprehensive strategic plan for its research portfolio. This portfolio includes a variety
of fusion concepts ranging from the main-line tokamak and advanced tokamak to stellarators and
other toroidal systems, to mirror and dipole configurations, to inertial fusion energy concepts.

As part of an overall strategic planning process, The Department of Energy Under Secretary for
Science asked FESAC to “critically evaluate the status of, and scientific opportunities for, major
alternate magnetic confinement configurations.” Specifically, FESAC was asked to:

* “identify and justify a long-term objective for each concept as a goal for the ITER era, and to
— critically evaluate the goal chosen for each concept, and its merits for fusion development;

— identify and prioritize scientific and technical questions that need to be answered to achieve
the specified goal;

— assess available means to address these questions; and

— identify research gaps and how they may be addressed through existing or new facilities,
theory and modeling/computation.”

In addition, the Under Secretary asked that FESAC

e “identify and prioritize the unique toroidal fusion science and technology issues that an
alternate concept can address, independent of its potential as a fusion energy concept.”

This report seeks to answer these charges as the product of a six-month study by a seventeen
member FESAC subpanel consisting of experts from the U.S. fusion program.

Over the years a wide variety of magnetic configurations have been studied as attractive paths to
fusion energy. At present the tokamak is the leading contender, largely because of its superior plasma
physics performance, which has resulted in an intensive development program. For historic reasons
other configurations of interest have been denoted as “alternate concepts;” that is, they are alternates
to the tokamak. However, it is worth noting that all the concepts considered here embody forms of
magnetic confinement in toroidal geometry and have significant areas of common physics.

The charge to FESAC focused on four specific toroidal alternate concepts: the Stellarator, the
Spherical Torus (ST), the Reversed Field Pinch (RFP), and the Compact Torus (CT) which consists
of the spheromak and the Field-Reversed Configuration (FRC). Detailed information can be found in
the Overview (Chapter 2) and chapters on individual concepts (Chapters 4-7).

Scientists have made considerable research progress on each of these four concepts over the past
decade, utilizing new diagnostics, upgraded facilities, and improved simulation codes to gain
scientific insight. As a result, new opportunities will exist during the ITER-era for taking new steps to
improve understanding and achieve plasma parameters closer to fusion conditions for these devices.

In developing this report, the FESAC panel sought input from the fusion science community in
written form and in open meetings. the panel worked with experts in the community to identify and
understand the ITER-era goals (i.e., goals for the next 15-20 years) and the associated scientific and
technical issues that need to be addressed to reach those goals. This was a highly interactive process
involving considerable technical detail. In parallel, the panel developed a methodology for evaluating
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these goals and prioritizing the issues on a concept-by-concept basis by balancing overall scientific
merit against risk and weighing importance, urgency, and general applicability of results. This
evaluation and prioritization methodology largely followed that developed by the 2007 FESAC panel
that examined Priorities, Gaps, and Opportunities for a Long-Range Strategic Plan for Magnetic
Fusion Energy.

The panel focused its efforts on concept-by concept evaluations rather than direct comparisons
between the four alternates, as this provides a unified and easily readable structure for the report.
Clearly some of the concepts are much closer to reaching fusion conditions, some have stronger
theoretical support for their expectations, while others face more obvious and compelling challenges
than others. However, in all cases clearly defined research needs have been identified which can
provide a reasonable basis for planning future research investments.

The complete summary of the panel findings is contained in Chapter 3. Here we highlight five
general findings for the toroidal alternates, followed by identification and evaluation of the ITER era
goals for the four concepts examined in this report.

We highlight the ITER-era goals here because they are the primary driver for the prioritized list
of scientific and technical issues (more fully explained in Chapters 4-7 of this report). Detailed
consideration of these issues, in turn, formed the basis for evaluating the ITER era goal using the
agreed upon methodology, as detailed in Appendix A. So, following the general findings below, we
briefly state the ITER-era goal for each concept, highlight the potential advantages, and provide a
synopsis of the goal evaluation carried out more fully in Chapter 3.

1.1. GENERAL FINDINGS REGARDING TOROIDAL ALTERNATES RESEARCH

1. The overall quality of the science in toroidal alternates research is excellent, with broad benefit
to the U.S. fusion program and to general plasma sciences including applications to other
disciplines. The work is strongly focused on developing scientific understanding as the path
forward to achieving ITER-era goals.

2. Alternate Concepts research provides significant benefit to the broader U.S. fusion and plasma
science program by effectively recruiting and training bright young people to be our nation’s
next generation fusion scientists.

3. Predictive simulation plays a central and increasingly visible role in toroidal alternates
research, in many cases pushing the state-of-the-art computational capability.

4. Alternate concept research requires similar tools to other parts of the fusion program, but it has
uniquely urgent needs in two areas: (1) theory and simulation, which are particularly
challenged by complex 3D resistive MHD physics, kinetic effects, and anomalous transport
seen in these experiments; and (2) diagnostic capability, which is especially vital for
developing physics understanding of the less mature concepts. These areas deserve priority
emphasis and support to strengthen scientific contributions and solidify projections to next step
experiments.

5. Promise for Fusion Energy. Some of the four concepts we have considered are much more
highly developed than others, yet all of them require further development and investigation
before any definitive assessment of their fusion energy capabilities is possible.
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1.2. CONCEPT SPECIFIC FINDINGS RELATED TO ITER-ERA GOALS

Here in brief summary we present the ITER-era goal for each concept, very briefly mention the
potential advantages for the concept, and provide a short synopsis of the panel’s evaluation of the
scientific benefits and risks related to the goal; we were not asked for, nor do we make
recommendations that such goals should be adopted by the U.S. Fusion Energy Sciences Program.
Further explanation may be found in Chapter 3 — Findings, where we also list the high priority issues
for each concept.

Stellarator

ITER-Era Goal. Develop and validate the scientific understanding necessary to assess the

feasibility of a burning plasma experiment based on the quasi-symmetric (QS) stellarator.

Potential Advantage for Fusion. The stellarator, through the use of external coils to produce the
full set of confining magnetic fields, offers the potential for a robust, steady-state fusion device
without need for external current drive. Quasi-symmetric configurations may lead to improved
confinement and more compact designs.

Evaluation Synopsis. This ITER-era goal addresses critical scientific and technical issues for
quasi-symmetric stellarator configurations. Achieving the goal will advance the knowledge of
steady-state confinement, but requires significant extrapolation in plasma parameters to
demonstrate the benefits of the quasi-symmetry, as well as a design strategy that addresses
both robust flux surfaces and manufacturing constraints.

Spherical Torus

ITER-Era Goal. Establish the ST knowledge base to be ready to construct a low aspect-ratio
fusion component testing facility that provides high heat flux, neutron flux, and duty factor
needed to inform the design of a demonstration fusion power plant.

Potential Advantage for Fusion. The ST is a low-aspect-ratio tokamak that minimizes the
center-post volume and nuclear shielding requirements while at the same time allowing
operation at higher normalized plasma pressure. Together, these offer the potential for an
attractive test facility for developing fusion components.

Evaluation Synopsis. The ITER-era goal is clear, well motivated, and tied tightly to the overall
fusion energy roadmap. Achieving this goal will advance knowledge of low-aspect ratio
tokamak confinement, but entails significant extrapolation in non-inductive current drive,
electron transport, power handling, and magnet technology.

Reversed Field Pinch

ITER-Era Goal. Establish the basis for a burning plasma experiment by developing an attractive
self-consistent integrated scenario: favorable confinement in a sustained high beta plasma with
resistive wall stabilization.

Potential Advantage for Fusion. The distinctive feature of the RFP that motivates interest as a
fusion concept is that the externally applied magnetic field is relatively small, leading to
simpler magnets. Current flowing within the plasma self-consistently generates the confining
magnetic field, potentially yielding more compact devices.
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e Evaluation Synopsis. The ITER-era goal is clear and addresses critical scientific and technical
issues for the RFP approach. Achieving this ambitious goal would establish the possibility for
a low-external field approach to magnetic fusion. Significant challenges in establishing current
sustainment with good confinement will need to be overcome to realize this goal.

Compact Torus (Spheromak and FRC)

1-4

ITER-Era Goal. To demonstrate that a compact toroid with simply connected vessel can achieve
stable, sustained or long-pulse plasmas at kilovolt temperatures, with favorable confinement
scaling to proceed to a pre-burning CT plasma experiment.

* Potential Advantage for Fusion. The CT concepts seek use internal plasma currents to confine
fusion plasmas in a compact, simply connected chamber to potentially reduce unit cost
significantly while increasing maintainability of fusion power systems.

e Evaluation Synopsis. The ITER era goal for the CT is clear and aims for critical progress
toward fusion energy with self-organized plasmas; achieving this goal would advance and
validate magnetic confinement in a simply-connected chamber with no external toroidal field.
However, the goal is highly ambitious, requiring a large extrapolation in stability, confinement,
and sustainment, and there is limited theoretical or experimental basis for prediction.
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2.1. OVERVIEW

The mission of the U.S. Fusion Energy Sciences Program is to advance plasma science, fusion
science, and fusion technology — the knowledge base needed for an economically and environ-
mentally attractive fusion energy source. Achieving this goal has and will continue to require a high
level of dedicated research and innovation to overcome the simultaneous challenges of plasma
physics and fusion engineering.

Over the years a wide variety of magnetic configurations have been suggested as attractive paths
to fusion electricity. At present the tokamak is the leading contender, largely because of its superior
plasma physics performance, which has resulted in an intensive development program. For historic
reasons the other magnetic configurations of interest are denoted as “alternate concepts” where
alternate implies non-tokamak. The alternates include several toroidal concepts, as well as other non-
toroidal concepts such as linear magnetic mirrors; however the main effort is focused on the toroidal
configurations. Thus, rather than “tokamak and alternates” a more accurate description of the main
components of the US Fusion Program would be “Toroidal Magnetic Concepts” indicating that there
is essentially a continuous spectrum of toroidal configurations aimed at fusion energy.

There are technical challenges for all configurations, but the tokamak, by virtue of its
performance and promise, is the vehicle for the world’s first MFE burning plasma experiment, ITER.
Even so, it is not as yet clear which configuration will ultimately lead to the most attractive fusion
reactor. In terms of comparisons each configuration is distinguished by a different choice in trade-offs
between plasma physics and fusion engineering with a quantum gain in one usually being offset by a
quantum loss in the other.

Therefore, the US and World fusion programs have maintained a broad approach in toroidal
magnetic configurations with each class of experiments progressing toward the ultimate goal of
producing electricity along two parallel paths: (1) by means of its own focused research progress, and
(2) by expanding the general knowledge base of plasma physics and fusion engineering. It should be
emphasized that each of the alternates discussed in this report offers a potential opportunity for an
attractive reactor but also faces significant scientific and technological issues. Addressing these issues
can draw on the progress made in tokamak science and technology; conversely, as the alternates
operate in quite different parameter regimes they will broaden the science and technology in ways
which may help improve the tokamak.

In February 2008, as part of an overall strategic planning process for the Fusion Energy Sciences
Program, The Department of Energy Under Secretary for Science asked FESAC to “critically
evaluate the status of, and scientific opportunities for, major alternate magnetic confinement
configurations.” This report seeks to address the charge by providing an informed evaluation of the
four specific toroidal magnetic configurations as requested: the Stellarator, Spherical Torus, Reversed
Field Pinch, and Compact Torus.

This Introduction is meant to provide the overall context for the more detailed concept
evaluations that follow, by giving a brief overview of the salient features of each concept. We start
with a brief discussion of common issues for fusion energy, which must be addressed by any concept.
These issues provide motivation for exploring the various concepts. We include the tokamak both for
completeness and because it provides the basis by which many of the advantages and challenges for
concepts are often compared. The Introduction concludes with a discussion of overall progress
towards the fusion goal.
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2.2. COMMON ISSUES FOR FUSION ENERGY

There are a well known set of common issues related to fusion energy development that any
concept for magnetic confinement fusion energy must address. These have been laid out in various
ways in numerous reports and include:

¢ Plasma confinement, transport, and overall energy balance

* Configuration sustainment (e.g., field generation, current drive)

¢ Operating limits (e.g., absolute plasma pressure for given coil limits, fuel-density limits)
¢ Thermal loads and operating lifetime of plasma-facing components (e.g. divertors)

¢ Plasma exhaust, particle and impurity control, overall tritium fuel cycle

¢ Wall neutron loading (thermal loading and neutron damage to materials)

 Safety, reliability, maintainability in a nuclear environment, environmental impact

Various magnetic fusion energy concepts offer potential reactor advantages in one or more of
these areas. However, in the quest to reach fusion conditions in the laboratory, fusion research since
the inception of the program, has emphasized the first three issues, looking at the other issues only as
needed to optimize plasma performance. Ultimately, fusion research must produce an integrated
solution to all these issues, as enumerated in the 2007 FESAC report on Priorities, Gaps, and
Opportunities for a Long-Range Strategic Plan for Magnetic Fusion Energy (the Greenwald report).

There are two well-known metrics for fusion plasma performance — the parameters (n)tg and
(T;). Here n is the density, T; is the ion temperature and g is the energy confinement time
characterizing thermal conduction transport losses (i.e. it is the natural plasma cooling down time
when all heating sources are removed). Also, here and elsewhere { ) denotes volume average over the
plasma. For a fully ignited fusion reactor a simple power balance in the plasma, equating alpha
particle heating to thermal conduction loss, leads to a minimum requirement on the value of
(nT)tg = (p)tg of = 8 atm-sec at (T;) = 15 keV, where p=n(T; +T,) is the total plasma pressure.
In the range from 10 to 20 keV, the fusion power density varies as Pfsion * p? =n’T?. One generally
aims to maximize the fusion power density to lower the size and cost of fusion reactors, subject to
other constraints as above. This requires high temperatures and good energy confinement.

There are fundamental limits to the plasma pressure which can be achieved with magnetic
confinement fusion that are related to magnetohydrodynamic (MHD) stability. The limit depends
upon the magnetic geometry, plasma collisionality, and internal profiles of density, temperature,
flow/rotation, current, and proximity of conducting walls. It is usually expressed in terms of
B = p/ Py, the ratio of the plasma pressure to total magnetic field pressure, Pg = B?/2uo sometimes
expressed as a percentage. In magnetically confined plasmas, 0 < <1.

Both high B and high confining magnetic field in the plasma are needed to reach fusion
conditions and produce high fusion power density, since nTtg = ptr = BB>Tg, Pusion * (B*B*),
and 7g = B. This motivates research to increase 8 and operate with the highest confining field
possible. When the magnetic field is provided by external magnets, the field at the magnet ( B,,) is
often a limiting factor due to engineering constraints, so it is advantageous to have configurations
with a large ratio of B to B,,. In a different strategy, some magnetic fusion concepts largely rely on
“self-organized” internal plasma currents to produce the confining field, thereby eliminating complex
external coils almost completely. For these concepts, finding efficient means to drive the plasma
current is a major challenge.
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The dependence on internal “self-organized” plasma current to produce some portion of the
magnetic field generally reduces the stability or controllability of the configuration since the current
is not constrained by fixed conductors, but is free to evolve with the plasma motion, which often
gives rise to instabilities. Thus, across concepts there is generally a tradeoff between the degree of
high f self-organization and controllability of configuration stabilities. Typically, higher f is
achieved transiently with less external controls while more stable plasmas are achieved steadily at
lower f3. Toroidal alternate concepts, together with the tokamak, cover a full spectrum of this trade-
off. Each of these concepts takes a particular trade-off combination, accompanied by a unique set of
scientific and technical challenges toward a realistic fusion reactor scenario as considered in this
report. We now provide a brief overview of these configurations.

2.3. THE TOKAMAK

The US tokamak program includes the world-class DIII-D and Alcator C-Mod experimental
facilities at General Atomics and MIT respectively, as well as some smaller, university scale devices.
Equally important, the program includes the US R&D effort for ITER, which is planned to be the
dominant activity for at least the next two decades. The overall tokamak program includes
experiment, theory/computation, diagnostic development, and enabling technology.

The tokamak has risen to its position of prominence because of its superior plasma physics
performance in terms of macroscopic MHD equilibrium and stability, heating, and transport. This
performance is largely attributable to several basic features of the tokamak configuration as illustrated
in Fig. 2-1. These features are (1) an axisymmetric toroidal magnetic geometry, (2) a large externally
applied toroidal field and (3) an internally induced toroidal current produced by a central solenoid,
usually referred to as the Ohmic heating (OH) transformer. The plasma current provides a substantial
amount of resistive heating to the plasma to raise its temperature into the keV range. It also produces
a poloidal magnetic field that, in combination with the toroidal field, results in helically twisted field
lines needed for plasma confinement. The applied toroidal field provides magnetohydrodynamic
(MHD) stability at high plasma current and pressure.

Ohmic
Transformer

Vertical
field coils

Plasma

chamber

Fig. 2-1. Basic elements of the tokamak.

While a considerable effort has been expended on optimizing the plasma physics performance of
tokamaks, the effort to optimize the power plant vision has received less attention, primarily because
this is still a future, although steadily approaching goal. This reactor optimization involves the
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interplay between engineering and plasma physics. Issues to be addressed include steady-state current
drive without the OH transformer, first-wall materials, and sudden disruptions of the plasma current,
which can cause mechanical damage to the tokamak, and the need for a large, well shielded, high
field superconducting magnet system. Assuming resolution of these issues, the ARIES team has
developed a tokamak reactor design based on advanced tokamak (AT) operation. The end result of
this design is a power plant with a competitive cost of electricity (CoE). The ARIES design, however,
requires several substantial improvements in both plasma physics and fusion technology.

2.4. TOROIDAL ALTERNATE CONCEPTS

Toroidal Alternate Concepts considered here are a series of toroidal configurations whose
mission-oriented goal is to provide alternate approaches to a fusion reactor. Each approach seeks to
provide an attractive reactor vision by addressing one or more of the fusion issues outlined above,
though usually at the expense of introducing new issues. We now very briefly discuss the stellarator,
the spherical torus (ST), the reversed field pinch (RFP), and the compact torus (CT including the
spheromak and field-reversed configuration or FRC).

2.4.1. The Stellarator

The stellarator is a 3-D toroidal-helical configuration with nearly all magnetic fields (both main
toroidal field and poloidal field) produced by external coils, as in Fig. 2-2. Because the magnetic field
and geometry of the plasma are largely determined by the external coils, stellarators can be optimized
to operate with little or no plasma current and thus need no OH transformer or external current drive.
Stellarators come in a variety of configurations depending on the details of the 3D field structure.
Stellarators have confinement and f comparable to, but slightly lower than that of similar size
tokamaks. They have the advantage of being an inherently steady state device although requiring a
large toroidal magnetic field. Also, because there is either zero or only a small amount of induced
toroidal current one expects the disruption problem to be almost, if not completely, eliminated.

Helical field
winding Plasma
Vacuum vessel

Toroidal field coils

Fig. 2-2. Conventional stellarator with toroidal coils and helical windings.

The US vision for the stellarator seeks to optimize the magnetic configuration in a particularly
innovative way by making use of the recent idea of “quasi-symmetry”. If successful, the principle of
quasi-symmetry has the potential to yield improved confinement and lead to a more compact,
economical reactor than that currently envisioned by the European and Japanese stellarator programs.
Even so, new problems arise that are not present in the tokamak. Perhaps the most important one is
that the superconducting coils needed to produce the quasi-symmetric toroidal-helical fields are
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substantially more complicated and difficult to build than the TF system for a tokamak. This is the
trade-off that needs to be evaluated in future research. In view of the potential gains to be made it is
therefore disheartening, although understandable, that the NCSX project has been canceled.

2.4.2. The Spherical Torus

The spherical torus (ST) is a very low aspect ratio (A = R/a, where a is the minor radius and R
the major radius) tokamak that minimizes the center-post volume and nuclear shielding requirements
[see Fig. 2-3]. Although the toroidal field in the center of the plasma is small by tokamak standards,
one still needs a substantial TF magnet because the maximum field at the inner edge of the TF coil is
relatively large as a consequence of the small aspect ratio. In fact it is worth noting that the need for a
high toroidal field along the inside edge of the TF coil is a technologically limiting design feature for
the stellarator, ST, and the tokamak.

Ohmic
ransformer

Poloidal
Field Coils

r Field Coils
Vacuum

Vessel

Toroidal Field
Coil Return Leg

Fig. 2-3. Spherical Torus (NSTX experiment).

In terms of the physics, the low aspect ratio allows a higher plasma pressure relative to the
magnetic pressure (i.e., high ) and thus makes a more efficient use of magnetic energy. Even so, in
absolute units the engineering constraints at the inner leg of the TF-coil limit the ultimate achievable
plasma pressure to somewhat lower values than in an equivalent standard tokamak. Overall, the price
for increasing B in the ST is (1) a more difficult, even if smaller, TF magnet system, and (2) reduced
volt-seconds in the OH transformer which is required for start-up and ramp-up of the plasma current.

One aim of the ST community is a compact Component Test Facility (CTF), whose path to
success is achieved by eliminating the magnet shielding on the inner leg of the device through the use
of demountable copper coils. The assumption is that low aspect ratio will lead to a smaller device
overall, with a sufficiently large surface accessible for component testing. Thus the ST may represent
an economical approach to a CTF. The Panel would like to note that a CTF mission, while very
important to reach the fusion energy goal is not an official goal of the US Fusion program at this time.
Furthermore, even within the context of a CTF mission, the Panel notes that a detailed comparative
analysis has yet to be carried out which demonstrates that the spherical tokamak is the most desirable
concept for this mission. These are tasks for the future.
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2.4.3. The Reversed-Field Pinch

The reversed field pinch (RFP) attempts to improve the vision for magnetic fusion energy by
greatly reducing the requirements on the Toroidal Field magnet system. This is accomplished by
driving large toroidal currents within the plasma to produce the confining field, as shown in Fig. 2-4.
Note that the TF coil is required to produce only a small initial confining field, which reverses as the
toroidal current is ramped up to its maximum value. The RFP may achieve f greater than that of a
conventional tokamak with a corresponding substantially reduced field on the coils. If successful this
could lead to a somewhat smaller, technologically simpler, more economical reactor. The trade-off is
that reducing the externally applied toroidal magnetic field leads to a reduction in plasma
performance — increased MHD instabilities, shorter confinement times, and more difficult steady state
plasma sustainment primarily due to increased twist in the field lines.

Toroidal
Field Coils

Ohmic

Plasma

Fig. 2-4. The reversed-field pinch configuration.

Over the last decade major improvements in the performance of the reversed field pinch have
been achieved. Most recently, multiple, simultaneous, MHD instabilities have been successfully
stabilized by a sophisticated feedback system on RFP experiments in Sweden and Italy. With respect
to transport losses, for base operation of an RFP these are in general high compared to a comparably
sized tokamak. However, current profile control developed by the Wisconsin RFP group has
improved performance to near tokamak levels by stabilizing various MHD instabilities related to the
internal magnetic field generation, although this improvement has so far been attained only
transiently.

Equally important, the RFP, like the tokamak, must be able to achieve steady-state operation in
order to produce an attractive reactor from an engineering point of view. Further, current drive
requirements facing the RFP are inherently more difficult than in a tokamak because (1) the natural
transport driven toroidal current (i.e. the bootstrap current) is small in an RFP, and (2) the required
current density is large in the RFP. The best option for steady-state current sustainment in the RFP
may be Oscillating Field Current Drive (OFCD), where AC inductive loop voltages maintain a DC
current via magnetic self- organization. The compatibility of this approach with the simultaneous
requirement of good confinement is a key issue.

2.4.4. The Compact Torus

The compact torus approach actually consists of two configurations — the spheromak and the
field reversed configuration (FRC) as illustrated in Fig. 2-5(a) and 2-5(b). Both share the property of
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having no toroidal field coils and no OH transformer whatsoever. As a result, the coils and vacuum
vessel are cylindrical, though the plasma is still toroidal, potentially easing fabrication, assembly and
maintenance. This advantage, combined with the elimination of the large toroidal magnet required in
a tokamak, provides both CT concepts with a vision for a smaller, technologically simpler,
economical reactor.

Axial-field
bias coils

(@)

Fig. 2-5. (a) Field-reversed configuration, (b) spheromak configuration

Neither concept has yet achieved keV temperatures with acceptable transport losses so it is
difficult to predict their future performance with respect to tokamaks. Furthermore, because there is
only a small, turbulently induced toroidal field in the spheromak, or a zero toroidal field in the FRC
one would expect both of these concepts to have a more difficult time matching the plasma physics
performance of tokamaks with respect to MHD equilibrium and stability, transport, and current
sustainment. Formation and current sustainment need major advances for the spheromak to succeed
as a reactor. MHD stability and current sustainment in larger, reactor scale FRCs are comparably
difficult. The largest FRC, the LSX was terminated by OFES in 1991, while LLNL recently canceled
the SSPX, the largest spheromak in the US. Each of these actions has slowed the potential progress
of the spheromak or FRC to rapidly advance as a serious reactor contender.

2.5. ALTERNATE CONCEPTS RESEARCH IN RELATION TO THE BROADER FUSION
PROGRAM

The alternate concepts covered in this report represent about 25% of the non-ITER research
within U.S. Fusion Energy Sciences program according the FY2009 Presidential budget request to
Congress. In general, there is a strong connection between the alternates and the remainder of the
fusion program maintained across all levels, from individual scientific collaborations to service on
advisory and review panels, participation in topical conferences and workshops, and participation in
the U.S. Burning Plasma Organization and ITER. Indeed, many tokamak scientists started their
research career with thesis work on alternate concept experiments based at universities. Small-scale
experiments at universities provide a unique hands-on experience and a strong emphasis on
developing increased understanding of the behavior of high temperature plasmas that will be of use to
the ultimate fusion energy mission. The basic fusion science plus student educational training
missions of university research programs should not be underestimated.
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2.6. STATUS OF ALTERNATE CONCEPTS RELATED TO THE FUSION ENERGY
MISSION

In the last section of the overview an attempt is made to quantify the current status of the
technical progress of each alternate concept related to the fusion energy mission. Two assessments are
presented.

The first quantitative assessment, related to reaching fusion plasma conditions (the Lawson
criterion) is illustrated in Fig. 2-6. Shown here is the classic plot of (n)tg vs. (T;). The data
illustrated represent the “best” repeatable performance to date on one or several types of discharges
for each alternate concept. Also shown are the data for several tokamaks and the projected value for
ITER. The solid curve in the upper right hand corner is a plot of (n)tg vs. (T;) corresponding to the
ignition boundary. Gaining access to the region above the curve is the basic goal of fusion research.
The dashed curve slightly below the ignition boundary corresponds to the substantially reduced
requirements for a Component Test Facility. The main purpose of this figure is to illustrate how far
each concept has progressed towards its final goal, and nothing more. It would be unfair and incorrect
to use this data to compare concepts with each other or the tokamak since the amount of resources
applied to each differ by enormous amounts.
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Fig. 2-6. Achievements of the various concepts relative to the goal of reaching fusion conditions.

The second quantitative assessment attempts to normalize performance to resource allocation,
thereby allowing a comparison, however crude, between the various alternate concepts and the
tokamak. Ideally one would like to evaluate the ratio of performance to cost. As expected it is very
difficult to accurately calculate the funds expended on any given concept since many experiments
have had add-on funding during their lifetime, have been able to take advantage of site credits, have
vastly different levels of expensive diagnostic equipment, etc. The approach taken here is based on
Sheffield’s analysis [Nucl. Fusion 25, 1733 (1985)]. Sheffield has shown that /y is a good measure
of physics performance reasonably independent of size or resources. Here f is the previously defined
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normalized pressure and y is the thermal diffusivity, both basic properties of the plasma not directly
related to size. In a fairly direct way f measures MHD stability and ) measures plasma energy
transport. For a fusion reactor a combination of high B and small y is needed for ignition, with some
ability to trade-off one versus the other. The ratio f/y is useful since it simultaneously takes both
properties into consideration.

A useful macroscopic version of the metric to measure relative performance is

<P> TE | _ 272 Ry
(&) o | e

x| =!I

Here aey =(V),/ 272Ry)"? is the effective minor radius of the plasma, Ry is the major radius of
the plasma, V), is the plasma volume, and W, = (B%/2up) is the stored magnetic energy. Also,
note that the quantity (B2 /2uo) includes both the toroidal and poloidal magnetic energies.

Figure 2-7 is a plot illustrating 1/% vs. 8 for the various concepts, as determined from common
analysis of published data points. There is a large amount of information contained in this plot and it
is worthwhile to examine it carefully. First, the dotted curves are curves of constant /%. In an
approximate sense, experimental operation at any point along a given curve corresponds to similar
performance in terms of achieving plasma ignition. Different points along the same curve represent
different trade-offs between 8 and ¥, each point, however, producing the same value of (p)tE (in
the same machine at the same temperature). The more desirable regime of operation corresponds to
higher curves. The shaded band represents the approximate regime corresponding to fusion reactors.
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Fig. 2-7. Normalized performance of the various concepts in terms of b/c as above.

Next, note that the various concepts are color coded. The deep blue points correspond to
tokamaks and serve as a reference. The alternates are denoted as follows: spherical tokamak = violet,
stellarator = light blue, RFP = orange, spheromak = green, and FRC = red. There are also different
shape markers for each concept. The solid circular points represent the actual experimental data from
the “best” discharges discussed in the (n)tg vs. T; diagram. (Published data from the LSX FRC
experiment [Hoffman, Nucl. Fusion 33, 27-38, (1993)] was not included because the discharges were
essentially transient, with the pulse length comparable to the confinement time.) The open square
markers designate the ITER era goal for each concept as discussed in the main body of the report. The
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curves connecting the points represent the path that each concept must follow if it is to achieve its
ITER-era fusion goal.

What can be concluded from this figure? As expected, the tokamak has achieved the best relative
performance to date. Interestingly, tokamaks both large and small, including ITER, all operate on the
same high value of /3. The path to the ITER-era goal shows that only a very small extrapolation in
MHD and transport is required.

The performance of alternates which use external coils to produce a large toroidal field (i.e., the
stellarator and the ST) closely approaches the tokamak. The spherical torus has a somewhat higher »,
although one should recall that for the CTF application, higher transport may be acceptable because
the goal is neutron production and not electricity. The stellarator has a slightly lower /% . What is
hidden for the stellarator is the advantage that they are inherently steady state, disruption-free devices
and the disadvantage that a given size machine is usually more expensive to build than a comparable
tokamak. Still, it is encouraging to see that stellarator performance is approaching that of a tokamak.
Learning how to build less expensive stellarators remains a critical goal for the future. Overall, both
the ST and stellarator programs must learn to maintain good confinement while operating at slightly
higher values of B to reach their ITER-era goals.

In normalized units, the performance of those alternates concepts that rely on plasma currents to
generate the confining field (i.e., the RFP and CT) has improved considerably but is still substantially
lower than that of tokamaks. Eliminating the large external toroidal field does indeed have a major
impact on performance. The conclusion is that these alternates have some very difficult scientific
challenges to overcome. In particular, significant improvements in confinement will be needed to
reach their ITER-era goals. The physics is more difficult but the reactor vision is more attractive.

2.7. THE STRUCTURE OF THE REPORT

Building on this overview, the main content of the report (Chapters 4-7) examines in detail each
of the alternate concepts described above. These chapters each begin with a brief overview of the
fundamental operating principles, key advantages, and current research status for the concept. Then
the future goals, critical issues, and facilities and gaps are set forth in a uniform, self-consistent
manner. The major findings, including the goal evaluations, are collected in Chapter 3 following this
Introduction. Chapter 8 provides an overview of the panel process and methodology for evaluation
and prioritization. Our goal in this process is to provide DOE and the fusion community with the
information needed to develop a strategic plan for investing in toroidal alternate concepts research as
part of the US Fusion Program.
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3.1. SUMMARY OF FINDINGS

The charge to the Panel asked for specific information on each of four lines of research on
toroidal magnetic confinement concepts: the Spherical Torus, the Stellarator, the Reversed-field
Pinch, and Compact Tori (encompassing both field-reversed configurations and spheromaks). The
charge did not ask for a relative comparison between concepts, though it is inevitable that such
comparisons can and will likely be made from a set of similar individual evaluations. Therefore, apart
from the first five general findings, the remainder of the findings are organized concept by concept.
More complete information related to the goals, issues, facilities, gaps, and opportunities can be
found in the individual chapters on each concept.

* Finding 1. The overall quality of the science in toroidal alternates research is excellent, with
broad benefit to the U.S. fusion program and to general plasma sciences including
applications to other disciplines. The work is strongly focused on developing scientific
understanding as the path forward to achieving ITER-era goals.

This review shows that progress on toroidal alternate concepts is closely tied to improved
understanding of key physics issues, obtained from a close coupling of theory and experiment
where possible. Alternates research has provided better understanding of magnetic
reconnection processes, 3D field effects, flow damping, electron and ion transport, pressure
limits, and plasma-wall interactions, among other areas, all of which are applicable not only to
the alternates, but to the tokamak program and other related fields as well. These benefits are
evident by collaborative activities and an excellent record of publications.

* Finding 2. Alternate Concepts research provides significant benefit to the broader U.S. fusion
and plasma science programs by effectively recruiting and training bright young people to be
our nation’s next generation fusion scientists.

Research on toroidal alternates has broad support from universities, through on-campus
experiments and collaborations with larger facilities. The smaller scale of the projects provides
a “hands-on” environment for recruiting new students into fusion science research, and the
science is interesting. In addition, the connection to the development of fusion energy is a
strong motivator for young people seeking to make a difference to the future, and the link to
larger-scale fusion efforts supported by OFES often leads to future employment opportunities.

e Finding 3. Predictive simulation plays a central and increasingly visible role in toroidal
alternates research, in many cases pushing the state-of-the-art computational capability.

From 3D effects to resistive MHD, research on alternate concepts involves complex plasma
physics that challenges understanding. The challenge is often compounded by a sparse data set
from limited measurements on a small number of devices, thus providing strong motivation for
use of numerical simulation to formulate a coherent picture of the behavior of these plasmas.
Improved codes and visualization tools are making this possible to a greater degree now than
before, and such codes are being used on a more routine basis for interpreting results and
designing new experiments. However, the computational challenges remain significant, both in
terms of the physics in the codes and the demands for processor time.

e Finding 4. Alternative concept research has uniquely urgent needs in two areas: (1) theory
and simulation, which are particularly challenged by complex 3D resistive MHD physics,
kinetic effects, and anomalous transport seen in these experiments; and (2) diagnostic
capability, which is especially vital for the less mature concepts. These areas deserve priority
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emphasis and support, within the alternates program, to strengthen scientific contributions and
solidify projections to next step experiments.

Finding 5. Promise for Fusion Energy: Some of the four concepts we have considered are
much more highly developed than others, yet all of them require further development and
investigation before any definitive assessment of their fusion energy capabilities is possible.

All four concepts face challenges that are common to any approach for magnetic fusion
energy. These challenges have been enumerated by the FESAC Strategic Planning Panel in
their 2007 report on “Priorities, Gaps, and Opportunities: Towards a Long-Range Strategic
Plan for Magnetic Fusion Energy.” Ultimately, a concept’s overall potential for fusion energy
will be determined by the economic attractiveness of an integrated solution to these issues. The
scientific and technical issues identified in our report correspond to the minimum set required
to achieve the stated ITER-era goal for each concept, and not the full set to be resolved for
fusion energy development.

Concept-Specific Findings

The panel worked with the scientific community to identify a long-term objective for each
concept as a goal for the ITER-era (the next 15-20 years) and develop a list of scientific and
technical questions or issues that need to be addressed to achieve the specified goal.
Subsequently, the panel evaluated the goals and prioritized the issues on a concept-by-concept
basis using the methodology outlined in Appendix A. These goal statements and descriptions,
along with the possible initiatives listed in each concept chapter are not meant to imply
endorsement of a specific course of action on one concept as compared to others. For clarity in
relating goals, issues, means, and gaps, we proceed one-by one through the concepts as
Findings 6-9 here and have selected only the highest priority issues (Tier 1) — a complete
listing of the issues with more comprehensive description of each, appears in the following
concept chapters.

Finding 6: Stellarator

3-2

* 6a. ITER-Era Goal for the U.S. Stellarator Program.

Develop and validate the scientific understanding necessary to assess the feasibility of a
burning plasma experiment based on the quasi-symmetric (QS) stellarator.

This goal focuses on conducting the scientific and engineering research required to write a
physics-basis document, similar to the ITER Physics Basis documents published in
Nuclear Fusion, which would be necessary to begin construction of a burning plasma
experiment based on a quasi-symmetric stellarator. It is anticipated that the LHD, W7-X,
and ITER experiments would provide significant understanding relevant to the QS
stellarator concept, reducing, but not eliminating, the need for intermediate scale
experiments.

Importance and Relevance. This goal represents a logical next step to fusion energy for
the stellarator. The design space for stellarators is quite extensive, which motivates the
validation of sufficient predictive capability to confidently choose among alternatives and
extrapolate to burning plasma conditions without the construction of a full sequence of
scale models for a wide variety of stellarator types. Therefore, the research required to
achieve this goal addresses critical scientific and technical issues for the stellarator and is
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certain to advance the knowledge of plasma physics as applied to fusion-relevant
conditions. It is likely to contribute significantly to the optimization of tokamaks and
perhaps to other confinement concepts.

Technical Risk. There is significant risk involved in addressing this goal in the ITER era.
There is little doubt that a stellarator configuration can confine plasma at the parameters
necessary for fusion burn. However, the advantage of the stellarator to do this in stationary
conditions without continuous external drive comes at the cost of a non-axisymmetric
magnetic configuration, leading to poorer fast and thermal particle and energy
confinement. The concept of quasi-symmetry, with a strong theoretical and emerging
experimental basis, seeks to minimize this cost. The element of utmost importance for all
stellarators, whether quasi-symmetric or of another type, is the validation of a design
principle for magnetic coils which encompasses both manufacturing realities (including
cost) and provision of a robust magnetic configuration for all phases of operation of the
stellarator. The absence of such a principle at this time implies a significant element of
risk to the timely completion of the goal. The use of quasi-symmetry as a design principle
for improving confinement also carries some risk. There is no database of experimental
data on the response of anomalous (non-collisional) transport in any of the possible
symmetries at this time. Therefore, the degree to which the configuration must be
symmetric will likely not be demonstrated experimentally before construction of a next-
step device to validate the concept. This point is also somewhat tied to the issue of coil
complexity and accuracy. The international stellarator program is very strong in the area
of steady-state operation, but some experimental basis will be needed for assuring that the
results obtained in stellarators without quasi-symmetry can be transferred to those with
quasi-symmetry. Progress toward the stellarator goal can be made in the near term with
concerted theoretical and modeling efforts, with validation by experiments as available.
However, achievement of this goal in the ITER era, even for a single quasi-symmetric
configuration, will require resources at or beyond the level of the present U.S. tokamak
program.

To have a realistic chance of achieving the goal, a choice will need to be made among the
various symmetries possible for stellarators. Therefore, it may be that a definitive
statement about the best approach to stellarator optimization or a definitive statement
ruling out stellarators as a viable approach to fusion energy will not be possible in the
ITER era. [It is worth noting that the shutdown of NCSX construction during the panel’s
deliberations has had a severe impact on the U.S. stellarator program. That community has
not had time to come to consensus on a new roadmap for QS stellarator development. ]

e 6b. High Priority Issues for the Stellarator (Tier 1 Issues).

1. Simpler Coil Systems. Can we find ways to reduce the fabrication risk and cost of
optimized high performance stellarator devices? Complexity of coil shape, along with
the fabrication and assembly tolerances needed to meet the physics requirements, are
major cost drivers. Improved understanding of 3D field effects and use of error-
correction coils to relax constraints may lead to simpler, cheaper coil systems.

2. High Performance Integration. Can improvements observed in smaller experiments
be carried over to a high performance level device and what are its required attributes?
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There is a need to demonstrate that benefits of quasi-symmetric configurations can be
realized in high-beta, low collisionality plasmas with good overall energy confinement.

3. Predictive Capability. Can a predictive capability for quasi-symmetric systems be
developed by building upon the work in the tokamak program coupled with a smaller
experimental database? The reduced experimental database for stellarators, especially
for quasi-symmetric configurations, places a greater burden on validated predictive
models in the design process for a burning plasma experiment.

4. Power Handling. Can divertor solutions be found for a 3D quasi-symmetric
stellarator system compatible with high performance operation? The complex 3D
boundary of the stellarator challenges divertor design to achieve low peak heat flux
with adequate particle control and ash exhaust. Higher operating density in the
stellarator may be helpful.

* 6c¢c. Scientific Benefit of Stellarator Research. Addressing the high priority issues related to
the stellarator ITER-era goal will improve understanding of toroidal fusion scientific and
technological issues across a broad front, independent of whether the stellarator ultimately
remains an attractive concept for fusion energy. Four areas of research are most visible:

— 3D Field Effects. The effect of magnetic asymmetry on confinement and stability is an
issue with broad importance; for example, resistive wall modes in tokamaks and RFPs
break axisymmetry and thus depend on three-dimensional confinement physics. Non-
asymmetric fields have been used to control edge-localized modes (ELMs) in tokamaks
and are planned for ITER: stellarator codes are now being used to aid design of new
ELM control coils in tokamaks. 3D field errors appear to be key factor determining
stability limits due to close coupling with plasma rotation.

— Transport. How magnetic symmetry alters transport due to electrostatic fluctuations
and, especially, electron heat transport are key questions for fusion, but currently
poorly understood for all concepts. Study of the role of flow-shear in stabilizing
electrostatic turbulence and transport in QS stellarators will very likely improve
understanding of similar transport in tokamaks. Energetic particle transport, an
important component of quasi-symmetric stellarator research, also has direct
application to other concepts through model validation activities.

— Power Handling and Particle Control. The unique 3D geometry of the stellarator edge
plasma provides an important testing platform for understanding the boundary region
of fusion plasmas. Research on parallel and perpendicular energy and particle transport,
coupled with validation of edge-plasma simulation codes, will drive improvements to
measurement and modeling capability that have broad applicability to the tokamak and
other toroidal confinement concepts.

— Disruptions. An additional set of benefits to fusion science will come from tests of
disruption control by means of externally imposed rotational transform. In particular
the QS stellarator research program should reveal how much plasma current, and of
what kind, can be allowed while maintaining the observed stellarator resistance to
disruption. Such research might suggest methods for disruption control in other
devices.
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Finding 7: Spherical Torus

o Ta.

ITER-Era Goal for the U.S. Spherical Torus Program.

Establish the ST knowledge base to be ready to construct a low aspect-ratio fusion
component testing facility that provides high heat flux, neutron flux, and duty factor
needed to inform the design of a demonstration fusion power plant.

The ST goal largely aims to provide the groundwork for extending fusion development
beyond the ITER mission rather than seeking primarily to achieve high-gain burning
plasma conditions in the ST configuration. In addition to improved understanding of key
ST physics issues, design of a reliable test facility for developing fusion components will
also require a broad knowledge base in fusion technology.

Importance and Relevance. The ITER-era goal is clear, well focused and tied tightly to
the fusion energy roadmap, providing the fusion program with a valuable option for a
component testing facility (CTF). The need for a nuclear testing facility has been well
established through a number of planning exercises and is on the critical path to Demo,
though such a mission has not been adopted officially by the U.S. Fusion Program. Since
resistive losses in the non-superconducting toroidal field coils will be quite large, the ST
may not be suitable for an electricity producing reactor, thus the CTF might be the primary
long-range mission for the low-aspect ratio tokamak. It will be challenging to establish
when the ITER-era goal has been met, since it depends on the accumulation of a sufficient
knowledge base for confidence in taking the step to CTF. One might calibrate the effort
required for that level of confidence by comparison with the ITER physics basis
documentation. Thus, the ST experimental program would need to be tied to vigorous
modeling and validation process. While general contributions to fusion science would be
about average for programs of this scale, ST research can provide a substantial benefit to
the tokamak program by advancing the science of tokamak confinement and its
dependence on aspect ratio, broadening the available parameter space and allowing for
wider testing of models.

Technical Risk. The goal requires significant extrapolation in plasma performance and
the level of knowledge required. In some areas there is a sound technical basis for
extrapolation but in many others the science is incomplete or untested. Examples include
solenoid-free plasma current ramp-up, electron transport and plasma-wall interactions.
Achieving the ST goal is likely to require very significant resources thus the FES strategic
planning process will need to consider the following critical decision points:

1. After sufficient research on STs and Tokamaks, the optimal aspect ratio for CTF should
be assessed.

2. Well in advance of a decision to proceed with a CTF, the program roadmap would need
to expand basic research in materials and engineering sciences to accompany
development of the ST physics basis.

In following this roadmap, schedule risks could be incurred if all necessary components of
this research are not pursued.

3-5



Report of the FESAC Toroidal Alternates Panel Panel Staff

3-6

e 7b. High Priority Issues for the Spherical Torus (Tier 1 Issues)

1. Start-Up and Ramp-Up. Is it possible to start-up and ramp-up the plasma current to
multi-MA levels using non-inductive current drive with minimal or no central
solenoid? The tight aspect ratio of the ST leaves little room for an ohmic transformer.
Non-inductive ramp-up by either NBCD or RFCD may be challenging due to a variety
of effects at low field and current.

2. First-Wall Heat Flux. What strategies can be employed for handling normal and off-
normal heat flux consistent with core and scrape-off-layer operating conditions? The
relative small major radius of the divertor in an ST increases the peak heat flux, and the
compatibility of radiative solutions with requirements for non-inductive current drive
are unknown. While alternative divertor geometries have been proposed for the ST,
experimental validation is required.

3. Electron Transport. What governs electron transport at low-aspect ratio and low
collisionality? Is it adequate to meet the goal? ST experiments find that energy
transport is dominated by electron transport, which is considerably higher than that
observed in conventional tokamaks. It will be essential to determine the underlying
physics and scaling to be confident of achieving the ITER-era goal.

4. Magnets. Can we develop reliable center-post magnets and current feeds to operate
reliably under substantial fluence of fusion neutrons? Stresses on the center-post
magnets in an ST are expected to be up to an order of magnitude higher than present
experiments and a high-current single-turn demountable design remains to be tested.
Engineering design studies and tests will be required to demonstrate necessary
reliability.

e 7c. Scientific Benefit of Spherical Torus Research. Addressing the high priority issues
related to the Spherical Torus goal will provide a number of benefits to fusion energy
science and technology. Important areas of research with broad benefit include:

— Macroscopic_Stability. The research program entailed in reaching this goal would
extend the knowledge of tokamak plasma stability to higher S, higher elongation, and
lower aspect ratio. For example, reaching local B of order unity with fusion level
temperatures and densities, would contribute critical knowledge to other alternative
concepts with potentials for similar S values, such as the RFP and CT. Also, high-beta
discharges at low-aspect ratio bring different mode couplings into play, which
complements active mode control research (e.g., RWM, NTM, and ELM control) on
standard-aspect ratio tokamaks.

— Transport. Low aspect ratio highlights the importance of neoclassical transport effects
for both thermal and energetic particles. The transport in both ions and electrons scales
differently in the ST than in standard-aspect-ratio tokamaks. Transport studies and
comparison with gyrokinetic codes can provide important tests to theory that have
broad implications to many confinement concepts. Experiments show that many
unstable modes can be excited by energetic particles such as NBI and, ion future
devices alpha particles, thus providing a useful platform for studying fast-ion transport.

— Boundary Physics. Aiming to design an ST-based CTF strongly motivates boundary
research because of the expected high heat flux at the divertor targets resulting from the
small relative major radius of the standard ST divertor. Understanding scrape-off-layer
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transport and demonstrating the compatibility of radiative dissipation and other
techniques to reduce peak heat loads and surface erosion has broad application to other
toroidal magnetic confinement concepts.

— Non-Inductive Current Drive. All toroidal alternates require an efficient means to form
and sustain the magnetic configuration; the challenge is large in the ST due to low
magnetic field and limited space for an ohmic transformer. DC helicity injection,
neutral beam, and RF current drive are being investigated for startup, rampup, and
sustainment in the ST and in the RFP. Development of these technologies can benefit
both other alternates and standard-aspect-ratio tokamaks.

. Additional Comment on the Relationship Between the Spherical Torus and the

Tokamak. The panel spent some time seeking to understand the differences between the
spherical torus and the higher-aspect-ratio tokamak as two separate toroidal confinement
concepts with distinct physics issues. Fundamentally, the ST is a low-aspect-ratio
tokamak. Clearly, low aspect ratio and low toroidal field on axis change plasma stability
and operating limits and are likely to affect transport processes, as evidenced by increased
electron transport in the ST. However, a growing international database and improved
theoretical understanding point to the great commonality of underlying physics between
the spherical torus and the tokamak, thus blurring the distinction between these devices.
Planned upgrades to the two largest ST facilities, NSTX and MAST, will increase their
aspect ratio, bringing them closer to the operating space of other tokamaks.

Finding 8: Reversed Field Pinch

e 8a.

The ITER-Era Goal for the RFP Program.

Establish the basis for a burning plasma experiment by developing an attractive self-
consistent integrated scenario: favorable confinement in a sustained high beta plasma
with resistive wall stabilization.

This goal aims for the eventual demonstration of a burning plasma reversed field pinch
that would provide the basis for possible construction of an RFP Demo fusion reactor.
Because magnetic self-organization plays a fundamental role in the operation and
performance of the RFP, achieving this goal also informs fusion science independent of its
potential as a fusion energy concept.

— Importance and Relevance. This goal is the critical milestone for the RFP approach to
fusion energy. Achieving the goal would establish the possibility of a low-external-
field approach to magnetic fusion with reduced technological demands on magnets and
the potential for high-power density designs limited only by wall loading. Techniques
and physics understanding of current sustainment developed in the RFP have potential
transfers to other configurations such as the spheromak. The RFP has been used as a
test bed for increased understanding of magnetic self-organization and dynamo effects,
which are of value to other configurations, and to other fields of science such as
astrophysics.

— Technical Risk. There is a significant risk in achieving the RFP ITER Era goal.
Comparison of results from present well-diagnosed Proof of Principle experiments and
nonlinear resistive MHD modeling provide some confidence that the understanding
exists to expect success in attaining the ITER Era goal. Many elements of the
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theoretical understanding are sound, but others aspects (confinement scaling during
current sustainment) are incomplete. Risk could be mitigated by a step-wise approach
involving research on current experiments (with Lundquist number, Lu~10%-107),
proceeding to an advanced Proof of Principle experiment ( Lu~107 —=10%) and finally
to a Performance Extension experiment (Lu~108 -10%) as results warranted. The
resources needed to achieve the first stage with an advanced Proof of Principle facility
are expected to require a moderate increase in the US RFP budget. The second stage
Performance Extension facility will require a large increase in the existing RFP annual
budget.

¢ 8b. High Priority Issues for the Reversed-Field Pinch (Tier 1 Issues).

1. Confinement and Transport. What governs transport when magnetic fluctuations are
reduced and how does energy confinement depend upon Lundquist number? Current
profile control reduces magnetic fluctuations and energy transport. The transport
mechanism that limits confinement in this regime and the confinement scaling are not
known. Both Lundquist number (Tg/74) and normalized gyroradius, p*, differ by
more than an order of magnitude between present experiments and burning plasma
conditions.

2. Current Sustainment. Can Oscillating Field Current Drive sustain the RFP
configuration with high efficiency as compared to long-pulse induction? A steady-state
RFP will require external current drive since neoclassical bootstrap current is small due
to low toroidal field. RF and Neutral Beam current drive efficiency are also expected to
be low. Oscillating Field Current Drive is proposed, but the theoretical efficiency needs
to be verified at high plasma temperature.

3. Integration. Is good confinement compatible with current sustainment at high
Lundquist number? Current drive often creates tearing-unstable current profiles in the
RFP that reduce confinement. The detrimental effect of inductive current drive (e.g.,
Oscillating Field Current Drive) on transport may be reduced at higher magnetic field
and temperature (i.e., Lundquist number), but this too must be verified by experiment.

¢ 8c. Scientific Benefit of Reversed Field Pinch Research. Aiming to achieve the ITER-era

goal for the RFP will contribute significantly to fusion energy sciences and broader
scientific disciplines. The unique role of magnetic turbulence and the plasma dynamo in
the RFP, along with its low safety factor (¢ < 1), bring out new aspects to many branches
of fusion sciences, testing fundamental understanding.

— Transport. Current profile control in the RFP provides a powerful tool to study
transport in regimes controlled by either magnetic or electrostatic turbulence.
Understanding transport and its scaling in such plasmas, for which magnetic shear and
the gyroradius are relatively large, extends and tests the knowledge base acquired from
tokamaks (at high externally applied field). Studies of current transport by the plasma
dynamo can be useful to understanding current profile evolution in other toroidal
configurations where internal MHD modes may be present.

— MHD Stability and Beta Limits. The RFP is susceptible to multiple resistive wall
instabilities even at zero beta. Thus, RFP research has and will continue to develop
feedback techniques for multiple mode stabilization directly applicable to other
configurations. On the other hand, all RFP experiments operate at high beta, and
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recently beta values have been achieved that exceed theoretical MHD stability limits
for localized interchange and global tearing modes. Work to determine the beta limit
and compare against theory will be valuable for other high-beta concepts.

— Magnetic Self-Organization. Spontaneous reversal of the toroidal field in the RFP

represents a clear case of magnetic self-organization, similar to the formation of the
spheromak and field-reversed compact torus (FRC). Thus, studies of reconnection,
dynamo alteration of the current density profile, momentum transport, reconnection
heating of ions, transport from magnetic stochasticity, and magnetic helicity transport
in the RFP are particularly relevant to these other configurations. These effects are
strongly related to each other, so that understanding the individual phenomena sums to
a general understanding of magnetic self-organization that is also observed in the
tokamak under certain conditions.

— Astrophysics. Through magnetic self-organization, RFP physics has strong links to

related phenomena in space and astrophysical plasmas. Through funded collaborations
with plasma astrophysicists as part of the NSF/DOE Physics Frontier Center for
Magnetic Self-Organization in Laboratory and Astrophysical Plasmas (CMSO), RFP
researchers have been playing a central role in applying understanding gained in the
laboratory to astrophysics (as well as applying physics learned through astrophysical
studies to the RFP).

Finding 9: Compact Torus

¢ 9a, The ITER-Era Goal for the CT is.

To demonstrate that a compact toroid (CT) with simply connected vessel can achieve
stable, sustained or long-pulse plasmas at kilovolt temperatures, with favorable
confinement scaling to proceed to a pre-burning CT plasma experiment.

The CT goal aims to move from present concept exploration experiments to an experiment
of sufficient scale or plasma parameters to provide a solid scientific basis (performance
and scaling) for continuing CT research with the eventual goal of fusion energy. The CT
program involves two partially related, but still significantly different concepts — the
spheromak and the field reversed configuration (FRC).

Importance and Relevance. The ITER era goal for the CT is clear and on a direct path
towards fusion energy. Achieving this goal would significantly change the outlook for
the CT as it would demonstrate major progress in MHD stability, confinement, and
current drive for these configurations, well beyond levels achieved in previous
experiments. Reaching the goal likely would not have much impact on the other
concepts. Unique CT problems involve formation and sustainment. Initial formation is
not a major problem for most of the other fusion concepts and there is limited overlap
in sustainment methods. In terms of improving the overall knowledge of fusion science,
the fact that CT’s and the RFP operate with a low toroidal field (in contrast to tokamaks
and stellarators), suggests that they will indeed make valuable contributions in this
area, provided that there are adequate diagnostics.

Technical Risk. The ITER-era goal is ambitious for either of the CT’s — the
spheromak or the FRC. A large extrapolation in scientific parameters is needed for
either of the CT’s to reach their goal. Due to limited resources for these concept
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exploration experiments, relatively little data is available and the data that is available
is far from the parameters characterizing the goal. There are also substantial gaps in
theory, due mainly to the complexity of the hybrid-resistive MHD models governing
the behavior of these plasmas. There is yet to be found a convincing theory or
simulation that shows that an FRC can be MHD stable at large s, or can achieve much
smaller values of x at modest s. Similarly, for the spheromak there is no convincing
theory or numerical simulation that demonstrates how to simultaneously achieve good
sustainment with good transport.

Although it would require a major increase in CT funding to significantly advance CT
research, this would have only a modest impact on the overall fusion budget. A
combination of improved diagnostics, theory and simulation would be needed to show
how either concept can solve its difficult physics problems before making a large new
step.

* 9b. High Priority Issues for the Compact Torus (Tier 1 and 2 Issues).

3-10

FRC Issues
1. Stability. Is global stability possible at large-s (al{p;)) in low collisionality FRCs?

Advancing the FRC concept rests heavily on the stability issue with respect to low-n
MHD modes, which are predicted to be ideal MHD-interchange unstable in an FRC.
Present experiments have shown stability with low s (s < 5), thought to be due to
kinetic stabilization, but the ITER-era goal requires substantially larger s (~10).

. Transport. What governs energy transport and can it be reduced at high temperature?

Little is known about confinement in FRCs other than what is implied by the flux and
particle lifetime measurements. Reducing transport is key to attaining the ITER-era
goals, in terms of both confinement and sustainment.

. Sustainment. Is energy-efficient sustainment possible at large-s and is it compatible

with good confinement? CTs have a unique requirement for creating and maintaining
the poloidal flux without an inductive transformer. Rotating Magnetic Field
sustainment is the only demonstrated method at present, but its efficiency is limited by
anomalous resistivity. Ways to reduce the resistivity need to be developed.

Spheromak Issues

1. Sustainment. Can efficient time-averaged current drive be maintained simultaneously

with good confinement? Experiment, theory and resistive MHD simulations find that
current drive by electrostatic helicity injection opens magnetic surfaces through
magnetic fluctuations, resulting in rapid energy losses. Simultaneous current drive and
good confinement will thus require a new approach to helicity injection or the use of
other current-drive technologies.

. Formation. Can formation and buildup techniques be developed to achieve fusion

relevant magnetic fields? Electrostatic helicity injection has successfully generated MA
spheromaks in SSPX, but significant energy is required and the amplification of the
bias poloidal flux has been in the range of 2-6. Both these need an order of magnitude
improvement for burning-plasma experiments.

. Transport. What mechanisms govern transport and confinement in low collisionality

spheromak plasmas? Energy confinement experiments in slowly-decaying plasmas
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yield thermal conductivities in the tokamak L-mode range, although there is a very
limited data base. The electron transport mechanism has not been studied, although it is
found that the best confinement occurs when the g-profile does not cross low-order
resonances.

. Scientific Benefit of Compact Torus Research. The unique features of the strongly self-

organized Field-Reversed and Spheromak configurations often challenge application of
results to other toroidal configurations such as the tokamak or stellarator. In other cases,
such as for the FRC and Magnetized Target Fusion, or Coaxial Helicity Injection for ST
startup and CT fueling of tokamaks, the connection to CT research is more immediate.
Areas where CT research benefits other areas of fusion science include:

— Reconnection Physics and Resistive MHD. Formation and buildup of both the
spheromak and the FRC are governed by magnetic reconnection and other resistive
MHD physics. Events resulting from these are ubiquitous in both laboratory and
space/astrophysical plasmas. Both concepts can therefore play an important role in
validating 3D resistive MHD codes, which are now being applied to proble